Abstract
Introduction
Recently, numerous efforts have been directed to developing gas sensor materials with strictly-controlled nano-and micro-structures to improve their gas sensitivity and selectivity, because optimization of the size and the amount of pores in the gas sensor materials are very effective in controlling gas diffusivity and reactivity [1] [2] [3] [4] [5] [6] . Therefore, we have so far developed different porous sensor materials by utilizing various techniques. For example, we have succeeded in preparing thermally stable mesoporous oxide powders by utilizing a self-assembly of a general surfactant such as n-cetylpyridinium chloride [7] [8] [9] [10] [11] or a triblockcopolymer such as EO 20 PO 70 EO 20 (EO: ethylene oxide, PO: propylene oxide, MW: ca. 5800) [12, 13] in an aqueous solution as a template. These materials showed excellent gas-sensing properties, due to their well-developed porous structure, extremely-high surface area and small crystallite size.
On the other hand, we have fabricated various macroporous (mp-) oxide films with submicron-sized spherical pores by a modified sol-gel technique [14] [15] [16] [17] [18] , sputtering [19] and pulsed-laser deposition [20] employing a polymethylmethacrylate (PMMA) microsphere as a template, too. They were very effective in improving the gas sensing properties of various types of gas sensors such as semiconductor-type [14, 15, 20] , solid electrolyte-type [18] , quartz-crystal microbalance (QCM)-type [16] and fluorescence-type [17] gas sensors. Other groups have also focused on fabricating porous materials by utilizing polymer microspheres as a template and have investigated their gas sensing properties [21, 22] . However, it was quite difficult to control thickness of these mp-films by these techniques. Therefore, development of oxide powders with well-developed and submicron-sized macropores is now very necessary for easy fabrication of mp-oxide films by using some conventional fabrication processes such as screen-printing.
The ultrasonic spray pyrolysis is one of promising preparation techniques to fabricate 4 submicron-sized, uniform and spherical ceramic powders, and we have already succeeded in preparing hollow alumina microspheres by utilizing a general electric furnace [23] and microwave-induced plasma [24] as a reactor. Iskandar et al. have recently prepared mp-SiO 2 microspheres by thermal decomposition of atomized oxide precursor solutions containing polystyrene microspheres [25, 26] . We have also succeeded to prepare mp-SnO 2 -based microspheres as a gas sensing material by an ultrasonic spray pyrolysis technique employing PMMA microspheres [27] [28] [29] . These well-developed porous morphology is very attractive as a raw material for various electrochemical devices such as fuel cells, batteries and chemical sensors.
Actually, the mp-SnO 2 microspheres, which had well-developed spherical macropores reflecting the morphology of the PMMA microsphere template, showed relatively high H 2 and NO 2 sensing properties [27] [28] [29] .
In this study, the effects of the introduction of macroporous structure into In 2 O 3 -based microspheres on NO 2 sensing properties have been investigated at 100~300°C in air, because it has been reported that In 2 O 3 is an attractive NO 2 -sensing material by various studies [30] [31] [32] [33] .
In addition, we have also tried to evaluate NO 2 sensing properties of non-stacked mp-In 2 O 3 -based microspheres by utilizing nano-gap Au electrodes [34] [35] [36] [37] . prepared by the similar preparation technique using a precursor aqueous solution containing no PMMA microspheres. All samples prepared in this study were summarized in Table 1 .
Experimental

Preparation of mp-
A specially-designed mist-supplier for the ultrasonic spray pyrolysis, which was used to get a uniform mist of the precursor solution, was shown in Fig. 1 . Various sizes of mists of the precursor solution were generated in a plastic container equipped with a polyethylene thin film at one end, which was perpendicularly set over an ultrasonic vibrator (Honda Electric Co., ).
Morphology of representative powders was observed by scanning electron microscopy (SEM; JEOL Ltd., JSM-7500F) and transmission electron microscopy (TEM; JEOL Ltd., JEM2010-HT). The specific surface area and pore size distribution were measured by BET and BJH methods using a N 2 adsorption isotherm (Micromeritics Inst. Corp., Tristar3000), respectively. Crystal phase was characterized by X-ray diffraction analysis (XRD; Rigaku Corp., RINT2200) using Cu Kα radiation (40 kV, 40 mA), and crystallite size was calculated from the (101) diffraction peak using Scherrer equation. The chemical states of all samples were characterized by X-ray photoelectron spectroscopy using Al Kα radiation (XPS, Kratos, AXIS-ULTRA DLD), and the binding energy was calibrated using the C 1s level from usual contamination (284.5 eV). 
The magnitude of response to NO 2 was defined as the ratio (R g /R a ) of sensor resistance after 10 min in NO 2 (R g ) balanced with air to that in air (R g ). Considering the crystallite size, each oxide wall between the macropores seem to consist of only a few crystallites, probably because oxide precursors were separated among PMMA microspheres and then they were pyrolyzed and subsequently sintered at elevated temperatures at the limited region after the decomposition of PMMA microspheres. Figure 5 shows pore size distributions of representative c-and mp-In 2 O 3 -based microspheres, together with their specific surface area (SSA) and crystallite size (CS) obtained from their XRD (Fig. 12(a) ), while a part of the nano-gap electrodes was peeled off by several immersions of the aqueous dispersion. After loading the mp-In 2 O 3 (P30)-1.0SnO 2 microspheres, they were set between the Au electrodes independently without stacking, as shown in Fig. 12(b) . Figure 13 shows response transients to 1.0 ppm NO 2 of the non-stacked microsphere sensor and the thick film sensor of mp-In 2 O 3 (P30)-1.0SnO 2 . The sensor resistance of the non-stacked microsphere sensor was quite higher than that of the thick film sensor, because of too few electrical contact points, while the magnitude of response of the non-stacked microsphere sensor was smaller than that of the thick film sensor. On the other hand, the response and recovery speeds of the non-stacked microsphere sensor were much faster than those of the thick film sensor, because of a large difference in the morphology of gas-sensitive region (oxide) between both sensors. Figure 14 shows schematic drawings of gas diffusion behavior in the non-stacked microsphere sensor and the thick film sensor. The oxide thickness of the non-stacked microsphere sensor was the diameter of macroporous particle, less than 1 μm, while that of the thick film sensor was ca. 4 μm. Therefore, the time interval required for gaseous molecules to reach to the main region determining the sensor resistance (the bottom of the oxide layer) of the non-stacked microsphere sensor is much shorter than that of the thick film sensor. In addition, gaseous molecules can easily and swiftly get through the inner region of an mp-microsphere between Au electrodes, in case of the non-stacked microsphere sensor.
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Therefore, the gas diffusion rate in the non-stacked microsphere sensor is expected to be much faster than that in the thick film sensor. Such difference of gas-diffusion rate between both sensors has a large influence on their response and recovery behavior. Further structural control of the gas-sensitive region, i.e. the morphological optimization of nano-gap Au electrodes as well as macropores and nanopores in the oxide microsphere, will offer drastic improvement in gas-sensing properties to the non-stacked microsphere sensor.
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